We report on the contamination of commercial 15-nitrogen ( 15 N) N 2 gas stocks with 15 N-enriched ammonium, nitrate and/ or nitrite, and nitrous oxide.
Introduction
Nitrogen (N) is a major nutrient required universally by photosynthetic organisms. Its availability in the environment can directly affect the ecology and productivity of terrestrial and marine ecosystems, with important implications for the regional and global carbon cycles. The natural input of bioavailable N to the biosphere is dominated by nitrogen fixation, the biological reduction of dinitrogen (N 2 ) gas to ammonium (NH 4 + ). Two methods are commonly utilized to measure N 2 fixation rates in the field, the 15 N 2 tracer assay [1] and the acetylene (C 2 H 2 ) reduction assay [2, 3] . The 15 N 2 tracer assay was originally developed when artificially 15 N-enriched substrate N 2 first became available [4] . This approach was then superseded by the acetylene reduction technique, as the cost and availability of high precision isotope ratio measurements proved restrictive [3] . The acetylene reduction assay, however, is associated with variations in the factor used to convert C 2 H 2 reduction into N 2 equivalents, and with potentially biasing effects of C 2 H 2 on the physiology of N 2 fixing organisms, among other issues [5] [6] [7] . Interest in the 15 N 2 tracer assay later regained momentum, owing to the increased affordability of Isotope Ratio Mass Spectrometry (IRMS) instrumentation and to concurrent developments in 15 N tracer techniques. Today, it is generally the preferred method to quantify N 2 fixation rates in both terrestrial and aquatic environments [1] , owing to its high sensitivity, and ability to provide qualitative and quantitative constraints on the translocation and the fate of biologically fixed N [8] [9] [10] .
A salient strength of the 15 N 2 tracer assay is that 15 Nenrichment detected in biomass can be ascribed to the biological reduction of N 2 exclusively, as no interfering processes can carry out the reduction of 15 N 2 gas concurrently. This premise requires that the 15 N 2 stock be devoid of any contaminant 15 N-species that could be assimilated into biomass simultaneously. However, during recent research projects on N 2 fixation conducted independently in our laboratories at the University of Connecticut Avery Point and the University of Massachusetts Dartmouth, convergent observations indicated that some commercial 15 N 2 stocks could be contaminated with 15 N-enriched N-species other than N 2 , including nitrate, nitrite and/or ammonium. These reactive forms of N would be readily assimilated by microorganisms, leading to significantly biased (i.e., overestimated) N 2 fixation rate measurements.These observations motivated the current study, with the goal of testing whether commercially available 15 N 2 stocks contain 15 N-contaminants at levels that would interfere with 15 N 2 tracer N 2 fixation assays, particularly in the open ocean, and to assess if such contaminants are prevalent among 15 N 2 stocks from different suppliers. We thus uncovered substantial contamination of one of three brands of commercial 15 N 2 gas with bioavailable inorganic 15 N-species. Our findings raise important concerns regarding the pervasiveness of reactive 15 N contamination of the 15 N 2 stocks, and the extent to which these contaminants may have affected the magnitude of the N 2 fixation rate estimates reported in the literature. We outline steps to contend with this issue to ensure the veracity of future N 2 fixation estimates.
Methods

Reagents
Four 33 mL lecture bottles of 98+ at% 15 N-labeled N 2 gas were purchased from Sigma-Aldrich (produced by their subsidiary, Isotec Stable Isotopes; St. Louis, MO; Stock Keeping Unit 364584), three from lot # SZ1670V, synthesized in 2010, and one from lot # MBBB0968V, synthesized in 2014. Two 1L lecture bottles of 98+ at% 15 N 2 were purchased from Cambridge Isotopes (Tewksbury, MA, part # NLM-363-1-LB) from respective lot #'s I1-11785A and I-16727. One 1L lecture bottle of 98+ at% 15 ammonium chloride in 60 mL or 120 mL serum vials that were sealed with Thermo Scientific gas-impermeant stoppers (part # C4020-30) or with Bellco Glass septum stoppers (catalogue # 2048-11800). The 20 mL of air headspace in each of the treatment vials was supplemented with 0.1 mL of 15 N 2 gas from respective bottles from each of the three suppliers (three lecture bottles from Sigma-Aldrich lot # SZ1670V and one bottle from lot # MBBB0968V, two bottles from Cambridge Isotopes lot # I1-11785A and lot # I-16727, and one bottle from Campro Scientific lot # EB1169V 
Dunaliella tertiolecta cultures
The marine green alga Dunaliella tertiolecta was cultured in growth media equilibrated with 15 
Nitrate and ammonium concentrations
Nitrate concentrations in the experimental solutions were verified via reduction to nitric oxide in hot vanadium (III) solution followed by detection with a chemiluminescence NO x analyzer (model T200 Teledyne Advanced Pollution Instrumentation) [12] . Ammonium concentrations were measured by derivatization with orthophthaldialdehyde (OPA) and fluorometric detection on an AJN Scientific f-2500 Fluorescence Spectrophotometer [13] . 
Nitrate N and O isotope ratio analyses
Nitrous oxide N and O isotope ratio analyses
Ammonium N isotope ratio analyses
The ammonium d 15 N NH4 was measured using the hypobromite-azide method [20] . Ammonium in basic solution was converted to N 2 O via oxidation to nitrite (NO 2 2 ) with hypobromite, followed by reduction of nitrite to N 2 O with sodium azide in acetic acid. The d 15 N of the N 2 O analyte was measured on the GC-IRMS, as outlined above. Measurements were calibrated using solutions made from the international standard ammonium salts, IAEA-N1 and IAEA-N2, with assigned d
15 N values of +0.4%, +20.3% vs. air, respectively [16, 17, 21, 22] . Our standard error for analytical replicates was #0.6% at relatively low 15 N-abundances, but increased substantially for d 15 N NH4 from 100% to 9000%, varying from 2.9% to as high as 59.7%. As with the nitrate analyses, the low precision of higher range measurements likely stems from the variable contribution of a trace ammonium or nitrite contaminant with a natural abundance d 15 N value, inadvertently introduced during the analyses.
Headspace N 2 isotope ratio analyses
To measure the d 15 N of N 2 gas in the headspace of experimental samples, 75 mL of headspace was injected into 12 mL Exetainer vials previously flushed with helium, then analyzed on a Gas Bench II GC-IRMS (Delta V Advantage Plus) operated in continuous flow mode. N 2 and (O 2 + Ar) were separated on a 5-Å mole-sieve capillary gas chromatography column. The analyses were standardized with parallel analyses of ambient N 2 gas in air. These direct N 2 gas measurements were carried out for experiments conducted using two of three lecture bottles from Sigma-Aldrich lot # SZ1670V, and for experiments conducted using the lecture bottle from Cambridge Isotopes lot # I1-11785A. The 15 N 2 concentration in the headspace of other experiments was estimated from the tracer injection volume rather than from direct measurements. 
Particulate nitrogen isotope ratio analyses
Results
Nitrate solutions equilibrated with any of three 15 N 2 gas stocks from Sigma-Aldrich lot # SZ1670V (referred to hereafter as 'Sigma A1, A2 and A3') showed a substantial increase in the d 15 N of nitrate (and possibly nitrite) compared to control solutions in the lower sensitivity nitrate dilutions (Fig. 1a) the Sigma-Aldrich stocks, the Campro Scientific stock, and the Cambridge B 15 N 2 stock proved to be greater than that of control solutions in the low sensitivity treatments (Fig. 1b) (Fig. 2b) 15 N-ammonium contaminants appeared to be variable among bottles of lot # SZ1670V (Fig. 3a) . The Sigma A3 lecture bottle was not tested for 15 (Fig. 3a) . In the more sensitive dilutions, however, 15 N-ammonium contaminants were detected in both of the Cambridge A and B stocks (Fig. 3b) (Fig. 4) . Conversely, the d 15 N PN of cultures equilibrated with Cambridge B 15 N 2 gas was 2.160.2%, and thus not detectably different from that of control cultures, at 1.960.1% (Fig. 4) .
Discussion
This study reveals that some commercial 15 N 2 gas stocks contain contaminant 15 N-labeled bioavailable nitrogen species, including nitrate/nitrite, ammonium and nitrous oxide. Substantial levels of 15 N-labeled nitrate/nitrite, ammonium, and nitrous oxide were 15 N-ammonium was not measured explicitly in the Sigma A3 stock). This discrepancy is difficult to reconcile. We tentatively posit that 15 N-nitrite comprises a substantial fraction of the trace 15 N-nitrate/nitrite contaminant, and that D. tertiolecta may not be able to transport nitrite at nanomolar to subnanomolar concentrations. Indeed, such trace nitrite concentrations are likely below the thresholds achievable by micro-algal nitrite transport systems [24] .
The contaminants in the 15 N 2 stocks ostensibly derive from the method of 15 N 2 gas production. 15 N 2 gas is generally produced by the catalytic oxidation of 15 N ammonia ( 15 NH 3 ) gas with cupric oxide [25] . The bulk of the oxidation product is N 2 gas, although more oxidized N species are also produced in lesser quantities, specifically N 2 O and NO [26] . Thus, potential contaminants in a 15 N 2 gas stock would expectedly consist of unreacted ammonia gas, N 2 O, and nitric oxide (NO). In contact with any oxygen and water vapor, NO would inadvertently be oxidized to nitric and nitrous acid [27] , which would, in turn, dissociate to nitrate and nitrite upon dissolution in water, respectively. Purification of the 15 N 2 gas from unreacted ammonia and from the generated nitrogen oxides involves sequential acid and alkaline scrubbing, respectively [28] and/or cryo-trapping of ammonia and NOx gases. Upon personal communication, Cambridge Isotopes and Campro Scientific did not provide details on their method of 15 N 2 production, whereas Sigma-Aldrich reported that the company's subsidiary, Isotec, produces 15 N 2 gas by the catalytic oxidation of 15 N-ammonia gas with cupric oxide, followed by sequential rounds of cryo-trapping and alkaline scrubbing of the N 2 gas to increase purity.
In order to gauge the extent to which the observed 15 Nammonium contamination of Sigma-Aldrich and Cambridge ), however, ammonium is a pervasive contaminant that could easily be introduced during sample preparation, as well as leached from incubation vial septa. We note that the 15 N-ammonium introduced by the 15 N 2 gas, while substantial in terms of the 15 N/ 14 N ratio of ammonium, is on the order of ,20 nanomolar at most (under the modeled conditions), and thus has minimal effect on ambient ammonium concentrations.
14 N-ammonium contamination is expected to be negligible, given the method of 15 N 2 gas synthesis. Finally, 15 N-ammonium assimilation was simulated for the broad range of 15 N-ammonium contaminant concentrations observed among Sigma-Aldrich and Cambridge Isotopes lecture bottles. N 2 fixation rates inferred from the simulated d 15 N increase of particulate N were computed based on the formulation of Montoya (1996) : (Table 2) , approximating the lower limit of some N 2 fixation rates reported in the literature [31, [34] [35] [36] [37] [38] . These simulated rates can be deemed conservative since the model does not account for any assimilation of contaminant 15 Nnitrate/nitrite, and the 0. Based on the simulations above, the likelihood of N 2 fixation rates being inflated when using contaminated 15 N 2 gas stocks is high. It is surprising, then, that contamination of the 15 N 2 stocks has not been reported previously. While growth solely upon N from N 2 fixation would eliminate the effect of 15 N-labeled bioavailable contaminants, it is expected that nitrate and ammonium assimilation would be rapid relative to N 2 fixation due to the prohibitive energetic cost of N 2 fixation [39] . A review of pertinent literature reveals that soil scientists were once aware of the possible contamination of 15 N 2 with bioavailable N, and took steps to mitigate it [28, 40] . However, to the best of our knowledge, there is no mention of potential contamination of 15 N 2 stocks in the marine literature, or in more recent terrestrial literature. The fact that this issue has gone unnoticed could mean that major contamination of 15 N 2 gas stocks, such as that observed here in Sigma-Aldrich stocks, could be limited to the current lots. Supporting the notion that contamination is rare is the observation of undetectable N 2 fixation rates at the surface ocean, where phytoplankton readily assimilate ammonium [38] N 2 prior to use, but also to generate constraints as to the lower limit of detection, allowing for the possibility that a tracelevel 15 N-contaminant could interfere with the detection of diminutive N 2 fixation rates.
Steps toward mitigation
The catalytic synthesis of 15 N 2 gas from 15 N-ammonia gas invariably entails the incidence of 15 N-ammonium and 15 N -NOx contaminants, the removal of which is dependent on the stringency of scrubbing procedures to which a given batch is subjected. The consistency of 15 N-nitrate/nitrite measurements among bottles from an individual lot from Sigma-Aldrich (Sigma A1-A3), in contrast to the lower 15 N-nitrate/nitrite detected in a subsequent lot (Sigma B), supports the premise that the levels of 15 N-contaminants are associated with discrete batch syntheses, identified by lot numbers, rather than with individual lecture bottles. The variability in 15 N-ammonium among lecture bottles of the same lot suggests that ammonia gas does not disperse homogeneously in compressed N 2 gas. In any case, large-scale batch syntheses of 15 N 2 occur relatively infrequently, on the order of every 2 years at Isotec (subsidiary of Sigma-Aldrich). We currently have a verbal agreement with Isotec to perform nitrate and ammonium isotopic analyses of 15 N 2 batches, toward providing a certificate of analysis ensuring adequate purity for N 2 fixation assays. In the meantime, we advise that workers procure low-contaminant stocks from lots that we tested here. The very high purity of the batches from these suppliers suggests stringent and efficacious purification protocols, such that batches synthesized by these groups in the future are likely to be equally pure, notwithstanding the potential for human error during synthesis or subsequent purification.
Regardless of 'expected' purity, we recommend that workers explicitly test new batches availed by respective suppliers for 15 Nnitrate and ammonium prior to using them in N 2 fixation assays, and actively disseminate the results to targeted web-based forums. To test a given batch, 15 N 2 gas can be equilibrated with nitrate and ammonium solutions following protocols akin to the low and high sensitivity equilibrations herein. A number of laboratories perform commercial nitrate isotope analyses routinely at a modest cost per sample. Ammonium isotope analyses are substantially more involved, but are also performed routinely by a number of laboratories.
We further recommend that pertinent publications include not only the brand of 15 N 2 stock, but also the associated lot number, and references to reported contaminants. With continued testing, our understanding of the prevalence of commercial 15 N 2 contamination will grow and shed light on this problem, which may have plagued N 2 fixation estimates in the past.
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